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Introduction:
Autophagy has been described as a lysosomal degradation pathway for cytoplasmic material. In addition to its role during cell survival, autophagy also promotes a type of cell death that is distinct from apoptosis, termed type II programmed cell death. Autophagic cell death first was observed in insects, but later was shown to be important during development of diverse organisms including humans. In Drosophila, autophagy has been described initially in salivary glands to be responsible for the programmed cell death of these organs during development .3 This death is triggered by the steroid hormone ecdysone and involves apoptotic as well as autophagic regulators. [5] [6] [7] This has led to the hypothesis that autophagy and apoptosis can be interconnected, and sometimes even simultaneously regulated by the same trigger, resulting in different cellular outcomes. In other settings, autophagy may antagonize and protect cells from apoptotic death.
This brought up the idea of molecular switches between these two pathways. One such regulator is Beclin 1, an autophagic protein that binds the antiapoptotic molecule Bcl-2. The interaction with Bcl-2 was suggested to keep Beclin 1 function in check to prevent cells from excessive and thus lethal autophagy.8
Autophagy was also described in the fat body, an organ that, together with a specific set of cells called oenocytes,9 represents the liver analog of Drosophila.10,11 During larval development, the fat body undergoes massive growth driven by the nutrient-responsive Insulin/PI3K and target of rapamycin (TOR) signaling pathways.
Inactivation of these pathways by removing dietary proteins inhibits growth, leading to a marked increase in autophagy in the larval fat body. PI3K and TOR signaling are able to suppress autophagic responses in the fat body, and autophagy is required to maintain cell size and survival when TOR is lacking.10
Autophagy-defective cells exhibit a growth advantage over wildtype cells under conditions that induce autophagy, suggesting that autophagy is a negative regulator of growth in TOR signaling. 12 Interestingly, the fat body is the predominant organ to exhibit starvation-dependent autophagy. Since this organ is believed to control development and growth by secreting growth factors and nutrients as a response to the nutritional status, the fat body could use autophagy to maintain adequate haemolymph nutrient levels to promote survival during periods of starvation.10 Despite this starvation-induced autophagy, the fat body also undergoes autophagy at the end of its larval life, a process that is developmentally regulated by ecdysone signaling to remove fat body cells during metamorphosis. Ecdysone-induced autophagy in the fat body can be blocked by constitutive expression of PI3K signaling components. Thus, PI3K and TOR signaling play a general role in controlling autophagy.11
Although many signaling pathways impinging on autophagy and the core proteins of the autophagic machinery have been discovered, the identification of additional proteins will be necessary to answer some of the still unresolved questions in the field.
For example, although it is well established that TOR is the central regulator of autophagy, and that autophagy induction occurs via Atg1, the targets of both proteins are unknown. One of the major questions in the field concerns the process of autophagosome formation, since neither the mechanism of vesicle formation nor the membrane source is known. Further, to date, no information about the lipid composition of autophagosomal membranes has been gathered, and the role of lipids in autophagy remains unclear.
Only recently, the first lipids involved in autophagic signaling have been identified.13,14 Finally, it is unclear which fusion components operate during autophagy, and how the autophagolysosomal vesicle is eventually broken down.
In this report, we perform a novel proteomics-based screen to search for candidates implicated in starvation-induced autophagy by comparing protein expression in fat bodies derived from starved and fed animals. Our data present the first quantitative proteomic analysis of starvation-induced autophagy in the Drosophila fat body. The subsequent genetic characterization of candidates in mutant and transgenic animals identified a desaturase (Desat1) to be important for autophagy. We show that Desat1 has a crucial role in desaturation and biosynthesis of phospholipids. This data provides novel insights into the role of lipid biosynthesis and signaling necessary for autophagic processes.
Results:
Identification of proteins involved in starvation-induced autophagy.
In order to identify new components of starvationinduced autophagic responses, we performed a proteomic approach to compare protein levels in fat bodies from normal and starved larvae (Fig. 1A) . Total protein was extracted from fat bodies isolated from larvae raised on normal food and from starved larvae. The two protein fractions were then differentially labeled with either light (normal) or heavy (starved) cICATTM reagent.
After a proteolytic digest of the combined samples, the labeled peptides were isolated, analyzed by reverse-phase chromatographybased tandem mass spectrometry (LC-MS/MS) and the resulting tandem-mass spectra searched against a standard Drosophila database as described in Brunner et al. 15 Quantification of the cICATTM-derivatized peptides was achieved using the XPRESS software as desribed in Han et al.16 This led to the identification of a total of 214 proteins of which 41 were upregulated (ratio heavy/ light >1.5) and 69 were downregulated (ratio heavy/light >0.8) in the starved sample. The complete list of proteins is freely available upon request to the authors. Upon the proteins upregulated under starvation, we identified CG5887, encoding Desat1, the fly homologue of the mammalian delta9 stearoyl-CoA desaturase (SCD). SCD catalyzes the desaturation of stearoyl-and palmitoylCoA to generate monounsaturated fatty acids (MUFA) that are incorporated into triglycerides, cholesteryl esters and membrane phospholipids.17 In Drosophila, Desat1 was shown to be implicated in sex pheromone production.18 However, a role of Desat1 under starvation conditions was not reported so far.
To determine whether the identified proteins are involved in autophagy, larvae deficient for selected candidate genes were assayed for autophagic responses using lysotracker, a fluorescent dye staining autophagolysosomes. Only proteins of the upregulated group were considered, and candidates were selected by their level of upregulation (>1.8) and the number of peptides identified (>2 independent identifications). While starvation induced strong lysotracker staining in the fat body of wild-type larvae, no lysotracker staining was observed in larvae homozygous mutant for the autophagy gene Atg18 that served as a control in our assay (Fig. 1B ). Of the candidates tested, only Desat1 showed an effect on lysotracker staining. Since no flies mutant for Desat1 were available, we used a Desat1 RNAi line specifically activated in the fat body in combination with a heterozygous deficiency covering the Desat1 gene. In fat bodies of these larvae, starvation led to a strong reduction in lysotracker staining, indicative of disturbed autophagy. Homozygosity for allele 11A or 119A and heteroallelic combination of the two deletions resulted in larval lethality with larvae dying during the second larval instar stage (L2), where they remained for up to 3 days without being able to moult into L3 (Fig. 2B ). Very few (<5%) escapers were able to develop until larval stage 3, albeit dramatically reduced in size, but no development beyond that stage could be observed. Further, the L2 larvae stop feeding and leave the yeast food source, a phenotype that was recently described in larvae where oenocytes, hepatocyte-like cells that regulate lipid metabolism and larval development were ablated. Interestingly, Desat1 is expressed in oenocytes and was shown to physically interact with Cyp4g1, a gene important for lipid metabolism in oenocytes.9
In contrast, larvae homozygous for the deletion 28B developed normally, the resulting flies were fertile and did not show any obvious phenotype, indicating that Desat1 function is not disturbed. To analyze protein expression in the mutants, we raised polyclonal antibodies against the C-terminus of Desat1 and examined protein expression in larvae homozygous for the deletions by western blotting. As shown in Figure 2C , larvae homozygous for deletions 11A or 119A did not express any Desat1 protein, whereas a protein of 44 kDa was expressed in control larvae. Larvae homozygous for allele 28B expressed a protein of around 30 kDa, corresponding to the expected size when the alternative ATG in exon 1 is used (Fig. 2C ). Since flies homozygous for allele 28B were viable and fertile without any noticeable phenotype, we conclude that the N-terminus of Desat1 is not important for its function.
In order to verify that the loss of Desat1 function is responsible for the mutant phenotype, we carried out rescue experiments to restore viability of Desat1 mutants by overexpressing the coding sequence (cds) of Desat1 using UAS-driven transgenes in combination with various Gal4 drivers. Interestingly, overexpression of Desat1 with the strong ubiquitous drivers actin-Gal4 or daughterlessGal4 in a wild-type background led to lethality (data not shown). Using actin-Gal4, a few escapers (5% of the expected flies) hatched, albeit with a developmental delay of 3-4 days, leading to animals with reduced body size that died soon after hatching (data not shown). These data indicate that ubiquitous overexpression of Desat1 is detrimental for some cells. However, when Desat1 transgenes were overexpressed using the fat body specific driver pumpless-Gal4 (ppl-Gal4), flies developed normally and hatched with the expected ratio (data not shown). Driving the expression of Desat1 using ppl-gal4 resulted in a partial rescue of the mutant lethality (22% of the expected flies hatching, data not shown). Using a genomic rescue construct containing 2.8 kb of the 5'UTR, the cds and 0.7 kb of the 3' UTR of the Desat1 locus led to 100% rescue of the lethality of Desat1 mutants, demonstrating that Desat1 function is indeed responsible for the observed phenotype (data not shown).
The loss of Desat1 function in flies leads to lethality, and ubiquitous overexpression of Desat1 interferes with fly development.
We thus wanted to determine whether Desat1 functions in cell death or cell survival using Drosophila cell culture. Indeed, downregulation of Desat1 by RNAi in S2 cells inhibited cellular growth (Suppl. Fig. 1A and B). Flow cytometric analysis revealed that a significant fraction of the Desat1 knockdown cells lost the capacity to retain the dye DiOC6(3) and hence dissipated the mitochondrial transmembrane potential, a hallmark of apoptosis (Suppl. (Fig. 3B', arrows) , the RFP-Atg8 signal was diffusely distributed in the cytoplasm and the nucleus in the adjacent Desat1 mutant cells (Fig. 3B-B'' ). In some of those cells, we detected small-sized (<0.5 mm) RFP-Atg8 positive dots ( Fig. 3B', arrowheads) that did not overlap with lysotracker staining, suggesting that early autophagosomal structures were able to form, but did not develop into mature autophagosomes or autophagolysomes (data not shown).
We further confirmed the effect of Desat1 mutations on autophagy by transmission electron microscopy (TEM) of fat bodies from WT versus Desat1 mutant larvae. Starvation results in an increase in size and abundance of lysosomes that are filled with partially degraded material or intact organelles such as mitochondria, thereby identifying them as autolysosomes.10 Following 4 h of sucrose starvation, many autolysosomes were observed in control larval fat body cells (Fig. 3C , arrows and C'), whereas Desat1 mutant fat body cells exhibited a strong reduction of these autophagic structures (Fig. 3D) . In fact, starved Desat1 mutant fat body cells are rich in endoplasmatic reticulum and small lysosomes vesicles that were stained with GFP-Atg5 (Fig. 4A-A'' ) and GFP-Atg8 (Fig. 4B-B'' ), suggesting that Desat1 partially localizes to autophagic structures under nutrient depletion. (Fig. 5C and C') , possibly due to a highly specific substrate specificity of the desaturase. Nonetheless, for all phospholipids analyzed, species containing only saturated fatty acids were increased in Desat1 mutants. Taken together, these results indicate that Desat1 affects the total levels and fatty acid composition of several phospholipid species in Drosophila. SCD1 has also been shown to regulate ceramide levels, however, the nature of this regulation remains unclear as both a decrease or an increase in ceramide levels after SCD1 depletion were reported.20,24 The signaling pool of ceramides is produced either by de novo synthesis or by sphingomyelin hydrolysis. We thus analyzed ceramide and PE-ceramide (the fly analogue of sphingomyelin) levels in Desat1 mutant versus WT larvae. Both ceramides and PE-ceramides were elevated in Desat1 mutant larvae (Fig. 5D) . Interestingly, ceramides can trigger both apoptosis and caspase-independent cell death, depending on the cellular context and stimuli.25 It has been proposed that cells are sensitized to ceramide-induced death when autophagy is blocked.26 Thus, if autophagy cannot proceed in cells lacking Desat1 function, elevated ceramide levels could be responsible for the cell death observed upon Desat1 depletion (see Suppl. Fig. 1 ).
Discussion
The cICATTM method reveals candidate proteins involved in autophagy. In this paper, we aimed to detect changes in protein expression during starvation-induced autophagy via a proteomics approach. In our assay, we aimed to detect changes in protein expression after 4 h of autophagy induction, expecting to monitor early events of autophagic responses. In accordance with this, we identified many proteins regulating protein synthesis, e.g., translation initiation factors. Since starvation generally decreases protein synthesis, the translational regulators identified in our screen could represent promising candidates specifically implicated in the regulation of proteins necessary for autophagic processes. Interestingly, we found a variety of proteins to be upregulated that are implicated in lipid metabolism, including Desat1, which we further characterize in this paper.
One might speculate that these enzymes may be involved in the generation of lipids necessary for autophagosome formation, or implicated in lipid signaling to trigger autophagy. Alternatively, Desat1 could influence autophagy by controlling the production of lipid species that are implicated in autophagic signaling. For example, ceramide was shown to be a key regulator of apoptosis.39 However, it was shown recently that ceramide is also able to induce autophagic cell death in nutrient-rich conditions.
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The mechanism by which ceramide regulates both apoptosis and autophagy is unclear, however, a recent study proposes that autophagy is a protective response to increasing ceramide levels,26 as blocking autophagy sensitizes cells to ceramide-induced death. Ceramide affects autophagy by activating the pro-apoptotic molecule Bnip3, and was also shown to induce beclin 1 expression. 
